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SUMMARY 
Experiments were conducted with various polymer compositions in vacuum 
and the evaporation rates of one of these materials. The materials included the 
basic polymers polytetrafluoroethylene (Teflon, FTFE), polychlorotrifiuoroethyl- 
ene (PCFE), and polyimide. 
polymers with various fillers incorporated into their structures. 
m Hg) to determine the friction, the wear, the decomposition mechanisms, 
In addition, experiments were conducted on these 
Friction and wear experiments were conducted with hemispherical rider speci- 
mens (usually a polymer) under a 1000-gram load sliding on flat disk surfaces 
(various materials). These experiments were conducted at sliding velocities from 
30 to 1480 feet per minute. 
tion of polymers was monitored in the friction and wear studies. Evaporation 
rate was determined in vacuum to millimeter of mercury with polyimide at 
temperatures to 875O F. 
With the aid of a mass spectrometer, the decomposi- 
Experimental results for PZFE indicate that certain fillers (glass fiber and 
copper powder) markedly improve the friction and wear characteristics of some 
polymers (FTFE) in vacuum, while others (molybdenum disulfide, MoS2) offer essen- 
tially no improvement. The apparent nature of wear and the decomposition mecha- 
nism for polymer compositions, during the sliding process in vacuum, are consid- 
ered related to the frictional heat generated at the sliding interface and the 
means for its dissipation. The polyimide polymer compositions were found to have 
relatively good friction and wear properties in a vacuum (10-9 mm ~ g )  and are 
stable in vacuum at ambient temperatures to 500° F. 
INTRODUCTION 
In many space mechanisms where lubrication systems are involved, it is often 
highly desirable to utilize self-lubricating components. These components, in- 
cluding bearings, seals, and gears, can be especially useful in those areas where 
conventional lubricating techniques cannot be employed. Self-lubricating mate- 
rials in such systems prevent high-friction adhesive wear and metal welding that 
might normally be encountered with conventional ail-metal systems. Some solid 
polymeric materials, such as Teflon, have merit in these components because of 
their self-lubricating properties. 
conducted in vacuum environments as well as in actual flight experiments to de- 
termine the effects of a space environment on the lubricating characteristics of 
such polymers (refs. 1 to 4). 
Experimental lubrication studies are being 
Although some polymers appear attractive for use in space applications, 
these materials have a number of serious limitations; these limitations are im- 
posed by such properties of polymers as poor mechanical characteristics, poor 
thermal conductivity, and temperature limitations. Mechanical properties, such 
as compressive creep of materials like Teflon, require special design considera- 
tions. The poor thermal conductivity of polymers can create another problem in 
vacuum or space environment. Since dissipation of heat in a vacuum is primarily 
by conduction and radiation, operating components of lubrication systems w i l l  ex- 
perience temperatures greatly in excess of those normally encountered at atmo- 
spheric pressure (760 mm Hg) . The lack of good heat dissipation by conduction 
with polymers and the relatively low decomposition temperatures for most polymers 
(less than 8000 F) might therefore further limit the use of polymers in vacuum, 
despite the good lubricating characteristics of some of these materials. 
In an attempt to improve these properties of polymers, numerous fillers have 
been used in the polymers by others to enhance not only their mechanical and 
thermal properties but also their lubricating characteristics. These fillers 
have included metals, glass fibers, inorganic compounds, and solid film lubri- 
cants. Some of these fillers have improved the friction and wear properties of 
polymers (refs. 5 to 9). 
The objectives of this investigation of polymers, with and without fillers, 
were to determine in vacuum 
the wear mechanism of polymers, ( 2 )  the mechanism of decomposition of polymers 
sliding on metal and ceramic surfaces with the aid of a mass spectrometer, (3) 
the behavior of polymers in the process of sliding where the mode of heat dissi- 
pation changes, and (4) the evaporation rates of basic polymers 
The materials examined in this study were commercially available products and in- 
cluded polytetrafluoroethylene (Teflon, FTFE) , polychlorotrifluoroethylene 
(EEL-F, PCFE), a polyimide, and the basic polymers containing various fillers 
(glass fibers , metals , and solid lubricants). 
mm H g ) :  (1) the friction characteristics and 
mm Hg) . 
The evaporation experiments of this investigation were made at ambient pres- 
sures to millimeter of mercury and temperatures to 875O F. The friction and 
wear experiments were conducted with a 3/16-inch-radius rider hemisphere (usually 
a polymer) sliding on a 2--inch-diameter disk (various materials) at surface 
speeds of 30 to 1480 feet per minute and a load of 1000 grams at ambient pres- 
sures to millimeter of mercury. These conditions are representative of 
those experienced in bearings, gears, and seals in space. 
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The apparatus used in this investigation for friction and wear studies is 
The basic elements of the experiment were the specimens (a shown in figure 1. 
2 
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2 1 6  2--in.-diam. f l a t  disk and a --in.-rad. r i d e r  specimen) mounted i n  a vacuum 
chamber. The apparatus i s  described i n  d e t a i l  i n  reference 2.  A modification i n  
t h e  apparatus described i n  reference 2 has been made. 
s i s t e d  of replacing a 5-horsepower canned induction motor as t h e  drive mechanism 
with a hydraulic motor and a magnetic drive coupling. The coupling i s  composed 
of two 20-pole magnets separated by a distance of 0.150 inch with a 0.030-inch 
diaphragm between magnet faces .  One magnet was t h e  dr iver  magnet and was outside 
t h e  vacuum system. It was coupled t o  a hydraulic motor. The second magnet was 
completely canned with a nickel-alloy housing (cu t  away i n  f i g .  1) and was 
mounted on one end of t h e  shaf t  within the  chamber. The disk specimen was 
mounted a t  the  end of t h e  shaf t  opposite t h e  magnet. The i n t e r n a l  dr ive support 
u t i l i z e d  s i z e  204-R angular contact b a l l  bearings having the cages coated with a 
commercial type, bonded molybdenwn d isu l f ide  f i lm.  
This modification con- 
The r i d e r  specimen was supported i n  t h e  specimen chamber by a re ta in ing  arm 
that consisted of a gimbal and a bellows mounted t o  t h e  chamber. A linkage a t  
the  end of t h e  retaining arm away from t h e  r i d e r  specimen was connected t o  a 
strain-gage assembly. The assembly was used t o  measure f r i c t i o n a l  force .  Load 
was applied through a deadweight loading system. 
Attached t o  t h e  lower end of t h e  specimen chamber was a 400-liter-per-second 
ionizat ion pump and a mechanical forepump using l iquid-nitrogen cold t raps .  
pressure i n  t h e  chamber was measured adjacent t o  t h e  specimen with a nude hot- 
cathode ionizat ion gage. 
The 
The m a s s  spectrometer used i n  these s tudies  was mounted with the  tube mouth 
1 
2 1- inches from t h e  specimens, i n  t h e  same plane with t h e  specimens and the  nude 
ionizat ion gage. The m a s s  spectrometer was a diatron type,  180° focusing, with 
a permanent magnet and capable of reading masses of 2 t o  80. 
The evaporation r a t e  apparatus used i n  t h i s  study is  described i n  re fer -  
ence 2 .  The apparatus used a 5/16-inch-diameter by 1/8-inch-thick specimen of 
the  basic  polyimide polymer suspended from an electronic  balance ( s e n s i t i v i t y  
0.01 m g )  i n  t h e  mouth of a wire-wound tungsten-element cy l indr ica l  furnace. 
About 1 inch above the  furnace was a copper condensing p la te ,  which was l i q u i d  
nitrogen cooled. The e n t i r e  apparatus was enclosed i n  a g lass  b e l l - j a r  system, 
and pressure within the  system was measured with a nude hot-cathode ionizat ion 
gage adjacent t o  t h e  evaporating specimens. 
E- PROCEDURE: 
The m e t a l  disk and rider specimens used i n  f r i c t i o n  and w e a r  experiments 
were f i n i s h  ground t o  4 t o  8 microinches. Before each experiment, t h e  disk and 
t h e  r i d e r  were given t h e  same preparatory treatment. This treatment consisted 
of :  
with moist levigated alumina on a s o f t  c loth,  and (3) a thorough r ins ing  with t a p  
water followed by d i s t i l l e d  water. For each experiment, a new s e t  of specimens 
was used. The polymer compositions were scrubbed with acetone followed by an 
alcohol r i n s e .  
(1) a thorough r ins ing  with acetone t o  remove o i l  and grease, ( 2 )  polishing 
3 
€CI?SULTS AND DISCUSSION 
Polytetrafluoroethylene and Polychlorotrifluoroethylene 
I n  order t o  determine t h e  a b i l i t y  of t h e  polymers polytetrafluoroethylene 
and polychlorotrifluoroethylene t o  lubr ica te  i n  a vacuum environment, such as 
might be encountered i n  space, some f r i c t i o n  and wear s tud ies  were conducted a t  
10-9 millimeter of mercury with r i d e r  specimens of t h e  two polymers s l i d i n g  on 
440-C s t a i n l e s s - s t e e l  disks.  The r e s u l t s  obtained are presented i n  f igure  2 .  
Both f r i c t i o n  and w e a r  f o r  u n f i l l e d  PIYE and PCFE were high i n  vacuum. 
t i o n  and wear f o r  both were very nearly t h e  same, which indicates  that very lit- 
t l e  difference i n  f r i c t i o n  and w e a r  charac te r i s t ics  resu l ted  from t h e  presence 
of chlorine i n  the  polymer. The wear t o  both materials was high, and t h e  type 
of w e a r  debris obtained can be seen i n  f igure  3. I n  general, t h e  wear mechanism 
of t h e  two polymers s l i d i n g  on metal surfaces was one of an abrasion process. 
Despite t h e  low surface roughness of t h e  440-C disk ( 4  t o  8 p i n . ) ,  extreme abra- 
s ion of t h e  polymer occurred, and large wear p a r t i c l e s  were obtained t h a t  ad- 
hered t o  t h e  disk surface.  
The f r i c -  
An in te res t ing  observation was that t h e  la rge  p a r t i c l e s  with a sawdust-like 
appearance s t ruck and adhered t o  the  disk surface.  
t a t i n g  i n  a horizontal  posi t ion with t h e  in te r face  surface down (see f i g .  l), t h e  
major portion of t h e  wear p a r t i c l e s  adhered t o  it, p a r t i c u l a r l y  adjacent t o  t h e  
inner and outer edges of t h e  wear  t r a c k .  
were s t icky  t o  t h e  touch. This s t icky  nature of t h e  p a r t i c l e s  indicates  t h a t  
heat generated a t  t h e  s l i d i n g  in te r face  was t ransfer red  t o  the  polymer p a r t i c l e s ,  
which thus increased p a r t i c l e  surface temperatures and caused surface degradation 
of t h e  p a r t i c l e s .  
t i o n a l  heat generated i n  t h e  s l i d i n g  process. 
Although the  disk was ro-  
Later examination showed t h e  p a r t i c l e s  
The polymer p a r t i c l e s  a r e  thus absorbing some of t h e  f r i c -  
Glass-Fiber-Filled Polymers 
I n  order t o  determine t h e  influence of a f i l l e r  on the  f r i c t i o n  and wear 
charac te r i s t ics  of t h e  two polymer compositions, experiments were conducted with 
25 percent g l a s s - f i l l e d  (glass  f i l l e d  r e f e r s  t o  glass  f i b e r s  i n  a l l  cases) PTFE 
and PCFE polymers i n  vacuum. The r e s u l t s  obtained a r e  presented i n  f igure  2 .  
With 25 percent g l a s s - f i l l e d  F"FE t h e  f r i c t i o n  was s l i g h t l y  higher than that 
which was obtained with u n f i l l e d  PTFE. The wear, however, decreased by two 
orders of magnitude with t h e  addi t ion of 25 percent g lass  t o  the  polymer. 
t h e  PCFE g l a s s - f i l l e d  composition, t h e  wear could not be measured because t h e  
specimen swelled and completely l o s t  i t s  shape (see photo i n s e r t s  of f i g .  2 ) .  
The softening point f o r  t h i s  material i s  about 4000 F ( r e f .  1 0 ) .  
must have reached t h i s  temperature because t h e  swelling and gas pockets could be 
seen within t h e  specimen. 
with 25  percent g l a s s - f i l l e d  EWE, which has a softening point a t  about 550° F. 
With 
The specimen 
This r e s u l t  was not noted ( see  photo i n s e r t  of f i g .  2) 
The f a c t  that t h e  u n f i l l e d  PCFE did not s w e l l  and t h e  g l a s s - f i l l e d  composi- 
t i o n  did may have resu l ted  from t h e  a b i l i t y  of t h e  v i r g i n  W E  t o  d iss ipa te  a 
la rge  quantity of heat i n  t h e  wear p a r t i c l e s .  With t h e  g l a s s - f i l l e d  composition 
much less wear i s  observed, and t h e  heat generated a t  t h e  s l i d i n g  in te r face  m u s t  
be diss ipated t o  a la rge  extent by conduction from the  polymer body t o  the r i d e r  
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holder assembly of t h e  apparatus. The presence of g lass  f i l l e r s  may increase t h e  
a b i l i t y  of t h e  heat generated t o  be car r ied  t o  within the polymer body. 
The marked improvement i n  wear observed f o r  g lass - f i l l ed  PTFE i n  f igure  2 
over t h e  r e s u l t s  obtained with u n f i l l e d  PTFE under the same conditions suggested 
f u r t h e r  study with g lass - f i l l ed  compositions. The results obtained i n  addi t ional  
f r i c t i o n  and w e a r  s tudies  with g l a s s - f i l l e d  ETFE compositions are presented i n  
f igure  4. The addi t ion of 15 percent g lass  t o  ETFE improves both t h e  f r i c t i o n  
and t h e  w e a r  obtained with FTFE. 
improvement i n  w e a r  over the  1 5  percent glass  composition i s  observed. An in- 
crease i n  f r i c t i o n  i s  observed f o r  t h e  25 percent glass  composition over that 
obtained with t h e  u n f i l l e d  ETFE and 15 percent g l a s s - f i l l e d  PTFE. It appears 
t h a t  an optimum i n  the  quantity of g lass  f i l l e r  i n  ETFE f o r  vacuum appl icat ions 
may be something l e s s  than 2 5  percent.  An in te res t ing  observation is  t h e  photo- 
micrograph of the  wear area of the  25 percent g lass - f i l l ed  composition i n  vacuum 
(see  photo i n s e r t  of f i g .  4 ) .  The w e a r  debris about t h e  rider specimen was black 
i n  color .  Chemical t e s t s  indicated t h e  presence of i ron  i n  t h e  debris,  but about 
70 percent of t h e  f i l m  was carbon. This f i lm w i l l  be discussed i n  grea te r  d e t a i l  
i n  the  discussion of f igures  7 and 8. 
With 2 5  percent g lass  f i b e r  i n  t h e  polymer no 
Sol id  Lubricant F i l l e r s  
Molybdenum disu l f ide  has been added t o  FTFE i n  an attempt t o  improve its 
lubr ica t ing  charac te r i s t ics .  Fr ic t ion  and wear results obtained with 10 percent 
MoS2 i n  PTFE a r e  presented i n  f igure 4.  I n  general, addi t ion of 10 percent MoS2 
did not improve the  f r i c t i o n  and w e a r  charac te r i s t ics  of PTFE as can be deter- 
mined by a comparison with u n f i l l e d  PTFE. 
was 5 percent molybdenum disulf ide - 15 percent g lass  PTE% composition. 
composition has been reported t o  have improved wear  charac te r i s t ics  over t h e  
15 percent glass  FTFE composition ( r e f .  4 ) .  F r i c t i o n  and wear r e s u l t s  obtained 
i n  vacuum a r e  presented i n  f igure  4.  Again, it can generally be s a i d  that MoS2 
did not improve f r i c t i o n  and wear. 
Another composition examined i n  vacuum 
This 
Metal Powder F i l l e r s  
Since metals a r e  good heat conductors, some f r i c t i o n  and w e a r  experiments 
were next conducted with copper- and s i l v e r - f i l l e d  PTFE r i d e r s  s l i d i n g  on 440-C 
s t a i n l e s s  s t e e l  i n  vacuum. The f r i c t i o n  and wear data obtained i n  these experi- 
ments together with reference data f o r  copper, s i l v e r ,  and FTFE are presented i n  
f igure  5. The f r i c t i o n  coeff ic ient  obtained f o r  metal-f i l led (copper and s i l v e r )  
PTFE was lower than that obtained with the unf i l led  PEFE or t h e  m e t a l s  themselves 
s l i d i n g  on 440-C s t a i n l e s s  s t e e l .  The wear f o r  s i l v e r - f i l l e d  PTFE was about t h e  
s a m e  as that obtained with s i l v e r  m e t a l  s l i d i n g  on 440-C s t a i n l e s s  s t e e l .  The 
w e a r  f o r  copper-filled €"E, however, was approximately one-twentieth that ob- 
ta ined  with copper metal and approximately one-hundredth t h a t  obtained with un- 
f i l l e d  F"E. 
copper, t h e  r i d e r  specimen had a t r a i l i n g  edge that appeared t o  have been molten 
m e t a l .  With t h e  ETFE composition containing 25 percent copper, t h e  wear was not 
characterized by abraded p a r t i c l e s  as w i t h  t h e  u n f i l l e d  polymer or as observed 
with copper m e t a l .  The wear  mechanism w i l l  be discussed in  more d e t a i l  i n  re fer -  
The appearance of t h e  specimen is  shown i n  f igure  6.  With metal l ic  
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ence t o  f igures  7 and 8. 
a t  t h e  s l i d i n g  in te r face  is  car r ied  t o  within t h e  polymer r i d e r  specimen and is  
t r a n s f e r r e d  from t h e  r i d e r  specimen t o  t h e  specimen holder. Thus, t h e  tempera- 
t u r e  of t h e  polymer r i d e r  specimen is  lower than it would be i f  a l l  of t h e  heat 
generated remained within t h e  body. 
It m u s t  be pointed out that some of t h e  heat generated 
Since surface conditions (such as temperature) can change t h e  behavior of 
mater ia ls ,  some f r i c t i o n  experiments were conducted i n  vacuum with PTFE and 
glass- and copper-fi l led PJFE compositions s l i d i n g  on 440-C s t a i n l e s s  s t e e l  over 
a range of s l i d i n g  v e l o c i t i e s .  The r e s u l t s  obtained i n  these experiments a r e  
presented i n  f igure  7 .  Changing s l i d i n g  veloci ty  w i l l  change surface tempera- 
t u r e s  and could influence t h e  f r i c t i o n  r e s u l t s  obtained. Examination of f i g -  
ure 7 ,  however, indicates  that changing s l i d i n g  ve loc i ty  did not influence t h e  
f r i c t i o n  coeff ic ient  f o r  t h e  t h r e e  compositions examined. 
De compos i t i o n  Mechanisms 
I n  conjunction with t h e  f r i c t i o n  experiments a t  various s l i d i n g  ve loc i t ies ,  
mass spectrometer data were obtained f o r  t h e  three  PTFE compositions, and t h e  
r e s u l t s  obtained a r e  presented i n  f igure  8 .  I n  t h i s  f igure  i s  p l o t t e d  ion con- 
centrat ion f o r  mass t o  charge r a t i o s  M/e of 1 9 ( F + ) ,  31(CF+), and 50(CF$). It 
i s  in te res t ing  t o  note t h a t  with u n f i l l e d  PTFE ( f i g .  8 (a ) )  a r e l a t i v e l y  insignif-  
i can t  amount of 
concentration of both M/e 31 and M/e 50 decreased with increasing s l i d i n g  
veloci ty .  Since with increasing s l i d i n g  veloci ty  t h e  surface temperature in- 
creases, it might be expected t h a t  an increase i n  these concentrations with s l i d -  
ing ve loc i ty  would occur as a normal r e s u l t  of increased degradation with tem- 
perature.  As was indicated i n  t h e  discussion of f igures  2 and 3, t h e  wear pro- 
cess with u n f i l l e d  F'Il?E consisted of abrading p a r t i c l e s .  These p a r t i c l e s  were 
s t icky ,  which indicated that f r i c t i o n a l  heat had caused degradation. 
s l i d i n g  veloci ty  was increased, wear increased from 5.0X10'8 cubic inch per foot  
of s l id ing  a t  390 f e e t  per minute t o  6.5XLOm8 cubic inch per foot  of s l i d i n g  a t  
980 f e e t  per minute (see wear values of f i g .  8 ( a )  a t  390 and 980 ft/min), and 
t h e  amount of heat car r ied  away with t h e  wear p a r t i c l e s  would probably increase.  
Furthermore, t h e  contact time of t h e  p a r t i c l e s  i n  t h e  contacting in te r face  de- 
creased with grea te r  s l i d i n g  veloci ty ,  and the  t i m e  a t  degradation temperature 
avai lable  f o r  thermal decomposition t o  occur decreased. The concentration of de- 
composition products therefore  decreased with increased s l i d i n g  veloci ty .  
M/e 19(F+) was obtained and therefore  was not p lo t ted .  The 
As the  
With the  25  percent g l a s s - f i l l e d  P E E  composition ( f i g .  8 ( b ) ) ,  t h e  ion con- 
M/e 50(CFs) a r e  found t o  increase centrations f o r  
with increasing s l id ing  veloci ty .  This r e s u l t  i s  not l i k e  t h a t  obtained with un- 
f i l l e d  FTE% where very l i t t l e  
g l a s s - f i l l e d  F'ITE, M/e 19(F+) was t h e  pr inc ipa l  decomposition product detected 
by t h e  mass spectrometer. This indicates  that carbon t o  f luor ine  bond cleavage 
must be occurring a t  t h e  s l i d i n g  in te r face .  Wear of t h e  g lass - f i l l ed  PTFE i s  
much l e s s  than f o r  t h e  u n f i l l e d  PTFE ( f i g .  2 ) ;  therefore ,  l e s s  heat is car r ied  
away with wear p a r t i c l e s  and t h e  temperature a t  t h e  in te r face  w i l l  be higher.  
t h i n  f i lm of F'I'FE may be interposed between t h e  metal surface and the  g lass  
f i b e r s .  A s  a result of a t h i n  f i l m  present,  it i s  hypothesized that loca l ized  
decomposition of t h e  PTFE f i lm occurred and increased with an  increase i n  s l id ing  
M/e 19(FS'), M/e 31(CF+), and 
M/e 19(l?) was observed. With t h e  25 percent 
A 
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velocity or surface temperature. 
rider surface in figure 4 and only a small concentration of carbon observed in 
the mass spectrometer tracing (not shown in fig. 8(b)) indicatedthat decomposi- 
tion was occurring at the sliding interface and not in the mass spectrometer. If 
decomposition were occurring in the mass spectrometer, the ion concentration for 
carbon should increase with the fncrease in fluoride ion concentration. 
however, was not observed. If decomposition was occurring in the mass spectrom- 
eter by carbon to fluorine bond Cleavage, an increase in fluoride ion concentra- 
tion woUd be accompanied by a carbon ion concentration increase. This was not 
observed. It must be pointed out, however, that some cleavage of the carbon to 
fluorine bond must be expected to occur in the mass spectrometer. 
The presence of carbon on the glass-filled FTFE 
This, 
In the sliding velocity experiments conducted with copper-filled FTFE, very 
small concentrations were observed for ratios of 19 and 31 over the range 
of sliding velocities investigated (see fig. 8( c)) . These results indicate that 
decomposition of the FTFE was slight. This effect cannot be related to wear be- 
cause the wear was the same for both glass- and copper-filled compositions (figs. 
2, 3, 5, and 6). With copper it is believed a mechanism similar to that observed 
with glass prevails that is a thin film of PTFE, which is interposed between the 
copper particles, and the metal disk surface functions as a lubricant. Unlike 
the glass fillers, however, copper is a good heat conductor. The copper dissi- 
pates the heat generated and reduces the decomposition of PTFE. Although there 
is nominally only 25 percent copper present in the FTFE composition at the slid- 
ing interface, the discrete particles flow out, and the exposed area of interface 
copper increases on the interface (see bright areas of photo insert of 
fig. 8(c)>. 
M/e 
Heat rejection appears to play an important role in the decomposition of 
FTFE. Some experiments were therefore conducted with a 15 percent glass-filled 
ETFE composition sliding on (1) aluminum oxide (a poor heat conductor), (2) sil- 
ver, and (3) copper (both good heat conductors) to determine the influence of 
thermal conductivity of the disk material on the wear characteristics. These 
data are presented in figure 9. The mass spectrometer data obtained in the ex- 
periments are presented in figure 10. The friction and wear results are compa- 
rable for aluminum oxide and copper disk materials. A comparison of the mass 
spectrometer data of figure 10 indicates that, as might be anticipated, the con- 
centration of the polymer degradation products is much less with the copper disk 
than that with aluminum oxide. 
The silver disk specimen has the highest thermal conductivity, but the re- 
sults are not in agreement with those obtained for the other two disk materials. 
With silver it might be expected that the least amount of FTFE decomposition 
would occur. The friction and wear were higher, and a higher concentration of 
decomposition products was observed with the silver disk than that obtained with 
copper. The friction coefficient obtained appeared to more closely approach the 
friction for metal-metal combinations. Examination of the rider surface after 
the experiment indicated transfer of silver to the rider surface (see photo in- 
sert of fig. 9 ) .  
than PTFE sliding on silver. With metal on metal, greater frictional heating 
occurs, and a higher concentration of FTFE decomposition products is obtained 
than with FTFE sliding on metal. Silver, at the pressures of this investigation, 
does not have an oxide present on its surface. This would suggest a physical 
These results indicate that silver was sliding on silver rather 
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transfer of silver to the PTFE surface. Reaction of the disk surfaces with hy- 
drogen sulfide gas did not reveal the presence of PTFE film on the disk surface. 
Graphite and Carbon Fillers 
Although graphite is not expected to lubricate in a vacuum, its addition to 
ETFE might improve the heat-dissipating characteristics of FIFE. Therefore, some 
friction and wear experiments were conducted in vacuum with PTFE containing 
25 percent graphite or 25 percent coke flour. The friction and wear results ob- 
tained in these experiments are presented in figure 11. The greatest reduction 
in friction and wear was obtained with the 25 percent coke flour. This may again 
be a result of heat dissipation fromthe sliding interface. The graphite plate- 
lets tend to orient themselves in the process of molding the polymer composition 
in such a way as to result in a separation of the individual platelets. The 
platelets are consequently separated by FTFE. Furthermore, orientation by both 
molding and sliding processes provided for the poorest thermal conductivity that 
could be obtained because of the normal anisotropy of graphite. With the coke 
flour the carbon is in particle form, which does not tend to orient, and a 
greater degree of particle-to-particle (carbon) contact can occur within the 
polymer matrix, serving as a better heat-conduction path from the metal-polymer 
interface than is the case with graphite. 
Polyimides 
A relatively new development in the field of plastics has been the polyimide 
compositions. In order to gain some insight into the possible usefulness of this 
material as a space lubricant and some concept of its relative stability in a 
vacuum, some evaporation studies were conducted,with the material in vacuum to 
The results 
obtained in these experiments are presented in figure 12. The evaporation rate 
for the polyimide was less than 10-l' (g>(cm-')(sec-l) at ambient temperatures to 
500' F. The evaporation rate was so low that no weight change was noted within 
the sensitivity of the electronic balance (0.01mg). 
500' F the polyimide began to lose weight at an appreciable rate, and at 875' F 
the rate was so high that it could not be followed with the recorder. 
millimeter of mercury and at ambient temperatures to 875O F. 
At temperatures above 
Because of the encouraging results obtained in evaporation studies with the 
polyimide composition, some friction and wear studies were conducted in vacuum 
( loH9 m Hg) with polyimides sliding on both metals and itself. The results ob- 
tained in these experiments are presented in figures 13 to 15. In figure 13, the 
friction and the wear are compared for polyimide riders on 4 4 0 4  stainless-steel 
disks, with the polyimide cut in two directions from the parent material block. 
Although the friction for polyimides on 440-C stainless steel was relatively low, 
the wear to the polyimide rider was somewhat high. If these results are compared 
with those obtained in figure 2, with unfilled PTFE, however, the wear for the 
polyimide is only one-fifteenth that obtained with PTFE, and the friction is also 
lower. 
Friction and wear experiments were next conducted with the polyimide sliding 
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on polyimide, and t h e  r e s u l t s  obtained a r e  presented i n  f igure  13. The f r i c t i o n  
coeff ic ient  obtained with polyimide s l i d i n g  on polyimide was much higher than 
t h a t  obtained w i t h  polyimide on 440-C s t a i n l e s s  s t e e l .  The wear t o  t h e  r i d e r  
specimen with polyimide on polyimide, however, was one five-hundredth that of 
polyimide on metal. Surface p r o f i l e  t r a c e s  and photomicrographs are presented 
i n  f igure 14 f o r  t h e  wear area t o  t h e  m e t a l  and polyimide disk specimens. With 
t h e  metal disk, a t h i n  nearly transparent polyimide f i l m  was t ransfer red  t o  t h e  
disk surface.  The f i l m  was not t h i c k  enough t o  be detected i n  t h e  surface pro- 
f i l e  t r a c e s  (magnification of 1000 i n  t h e  v e r t i c a l  d i rec t ion) .  The polyimide 
disk specimen did, however, show evidence of wear. 
A 15 percent graphi te-f i l led polyimide composition was a l s o  examined i n  
f r i c t i o n  and wear s tudies ,  and t h e  r e s u l t s  obtained are presented i n  f igure  13. 
The presence of graphite i n  t h e  polyimide did not improve i ts  lubricat ing charac- 
t e r i s t i c s ;  r e l a t i v e l y  high f r i c t i o n  and wear were obtained. 
I n  f igure 15 a r e  p lo t ted  f r i c t i o n  curves as functions of time f o r  t h e  
polyimides. With t h e  f i l l e d  and unf i l led  polyimide on 440-C, t h e  f r i c t i o n  was 
very low at  1 minute of operation. The f r i c t i o n  coeff ic ient  began t o  increase 
with time and after 5 minutes was r e l a t i v e l y  constant f o r  both mater ia ls .  These 
r e s u l t s  suggest that with time the  t r a n s f e r  of a t h i n  f i lm of polyimide t o  t h e  
disk surface occurs. I n  the  f irst  5 minutes it i s  polyimide s l id ing  on metal, 
and then a f t e r  5 minutes polyimide i s  s l id ing  on a t h i n  f i l m  of polyimide. With 
polyimide s l id ing  on i t s e l f ,  t h e  f r i c t i o n  w a s  between 0 . 7  and 0.8 i n i t i a l l y ,  and 
gradually decreasedto  0.56 a f t e r  2 minutes of the experiment. 
suggest possible surface or ientat ion e f fec ts  of t h e  polymer. Once an or iented 
f i lm i s  obtained on the  surface, t h e  f r i c t i o n  decreases t o  a lower but r e l a t i v e l y  
constant value. 
These r e s u l t s  
SUMMARY OF RESULTS 
Based on t h e  data obtained i n  t h i s  invest igat ion with polymer compositions 
i n  f r i c t i o n  and wear s tudies  i n  vacuum, t h e  following summary remarks can be 
made : 
1. Relatively high f r i c t i o n  and abrasive type of wear were obtained with un- 
f i l l e d  polytetrafluoroethylene (FTFE) polymer i n  vacuum. 
f i l l e r s  (glass  f i b e r s  and copper powder) markedly improved t h e  f r i c t i o n  and w e a r  
charac te r i s t ics  observed f o r  FTFE, w h i l e  t h e  addi t ion of another f i l l e r ,  10 per- 
cent molybdenum disulf ide,  offered e s s e n t i a l l y  no improvement i n  i t s  f r i c t i o n  and 
wear charac te r i s t ics .  
The addi t ion of some 
2 .  The wear and decomposition mechanisms f o r  polymer compositions i n  a 
vacuum rmn Hg) appear r e l a t e d  t o  t h e  f r i c t i o n a l  heat generated a t  t h e  s l i d -  
ing in te r face  and the  means f o r  i t s  diss ipat ion.  F i l l e r s  can markedly influence 
the  nature of wear and t h e  decomposition products formed a t  t h e  s l i d i n g  in te r -  
face .  
The polymer decomposition products formed a t  t h e  s l i d i n g  in te r face  with FTJ?E 
s l i d i n g  on m e t a l  surfaces var ied with composition. 
peared t o  be diss ipated t o  w e a r  p a r t i c l e s  i n  such a way that t h e  pr inc ipa l  prod- 
With u n f i l l e d  PJTE heat ap- 
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ucts of decomposition were the heavier molecular weight fragments of the polymer 
unit ; in contrast, with glass-f illed compositions, the principal decomposition 
product was fluorine. 
tivity) , very small concentrations of decomposition products were observed. 
In PTE% structures containing copper (good thermal conduc- 
3. The polyimide polymer compositions had relatively good friction and wear 
properties at room temperature in a vacuum 
stable at ambient temperatures to 500° F. Lower friction was encountered with 
polyimide sliding on metal than with polyimide sliding on itself. 
of the friction and wear characteristics of the polyimide with unfilled FTFE in- 
dicates the polyimide to be superior in vacuum. 
mm Hg) and were relatively 
A comparison 
Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio, July 26, 1963 
REFEREDCES 
1. Boes, D. J.! Long Term Operation and Practical Limitations of Dry, Self- 
Lubricated Bearings from ~xJ-O'~ Torr to Atmospheric. 
19, no. 4, Apr. 1963, pp. 137-142. 
Lubrication Eng., vol .  
2. Buckley, D. H., Swikert, M., and Johnson, R. L.: Friction, Wear and Evapora- 
ASLE Trans. , vol. tion Rates of Various Materials in Vacuum to 10-7 mm a. 
5, no. 1, Apr. 1962, pp. 8-22; discussion, pp. 22-23. 
3. Bowen, P. H.: Analytical and Experimental Study of Adapting Bearings for Use 
in an Ultra-High Vacuum Environment. AEDC-TDR-62-51, Arnold Eng. Dev. Cen- 
ter, Feb. 1962. 
4. Rittenhouse, 5. B., Jaffe, L. D., Nagle, R. G., andMartin, H. E.: Friction 
Measurements on a Low Earth Satellite. 
New York (N.Y.), Apr.-May 1963. 
Paper Presented at ASLE Meeting, 
5. Wisander, Donald W., Maley, Charles E., and Johnson, Robert L.: Wear and 
Friction of Filled Polytetrafluoroethylene Compositions in Liquid Nitrogen. 
ASLE Trans., vol. 2, no. 1, Apr. 1959, pp. 58-66. 
6. Anon. : You Can Tailor the Properties of "Teflon with Fillers. " Jour. Teflon, 
v o l .  3, no. 8, Sept.-Oct. 1962, pp. 4-7. 
7. Allan, A. J. G.: Plastics as Solid Lubricants and Bearings. Lubrication 
Eng., vol. 14, no. 5, May 1958, pp. 211-215. 
8. Twiss, S. B., Willson, P. J., and Sydor, E. J.: Friction of Polytetrafluoro- 
ethylene Dry Bearings. Lubrication Eng., vol. 14, no. 6, June 1958, pp. 
255-261; 273. 
10 
9. White, Hubart S.: Small Oil Free Bearings. Jour. Res. Nat. Bur. Standards, 
vol .  27, no. 4, Oct. 1956, pp. 185-204. 
10. Rudner, M. A.: Fluorocarbons. Reinhold Publ. Corp., 1958. 
11 
Mass 
Nude 
i oni  za t j: 
gage - 
Ion pump 
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Figure 2. - Coefficient of f r i c t i o n  and rider wear of polytetrafluoroeth- 
ylene and polychlorotrifluoroethylene s l i d i n g  on 440-C stainless s teel  
i n  vacuum mm H g ) .  Sliding veloci ty ,  390 feet per minute; load, 
PO00 grams; duration of run, 1 hour; no ex terna l  specimen heating. 
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(a) PTFE. 
(b) PCFE. 
Figure 3. - Photomicrographs of polytetra- 
fluoroethylene and polychlorotrifluoro- 
ethylene wear debris on 440-C stainless 
steel. Sliding velocity, 390 feet per 
minute; load, 1000 grams; ambient pressure, 
10-9 millimeter of mercury; no external 
specimen heating. 
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Figure 4. - Coeff ic ient  of f r i c t i o n  and r i d e r  wear for various polytetraf luoro-  
ethylene compositions s l i d i n g  on 440-C s t a in l e s s  s t e e l  i n  vacuum (lo-’ m Hg). 
Sl iding veloci ty ,  390 f e e t  per minute; load, 1000 g r a m s ;  ambient pressure,  
lo-’ millimeter of mercury; duration of run, 1 hour; no ex terna l  specimen heat-  
ing. 
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Figure 5. - Coefficient of f r ic t ion  and r ider  wear f o r  various materials 
s l iding on 4404 stainless  s t e e l  i n  vacuum 
390 fee t  per minute; load, 1000 grams3 ambient pressure, 
mercury; duration of run, 1 hour; no external specimen heating. 
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(a) Electrolytic copper. 
(b) 25 Percent copper in PTFE. 
Figure 6. - Photomicrographs of electrolytic 
copper and 25 percent copper-filled poly- 
tetrafluoroethylene rider wear areas. The 
disk specimen was 440-C stainless steel. 
Sliding velocity, 390 feet per minute; 
load, 1000 grams; ambient pressure, 10-9 
millimeter of mercury; no external speci- 
men heating. 
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Figure 7. - Coefficient of friction for compositions of polytetrafluoroethylene sliding on 440-C 
stainless steel in vacuum (10-9 rum Hg). Load, 1000 grams; no external specimen heating. 
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( a ) Polytetraf luoroethylene . 
Figure 8. - Ion concentration a t  various s l iding veloci t ies  f o r  some decomposition 
products obtained with three polytetrafluoroethylene comp s i t ions  s l iding on 440-C 
stainless steel. Load, 1000 grams; ambient pressure, m i l l i m e t e r  of mercury; no 
external specimen heating. 
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(b ) 25 Percent glass-f iber-f illed polytetraf luoroethylene . 
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Figure 8. - Continued. Ion concentration at various sliding velocities for some decomposition 
products obtained from three polytetrafluoroeth lene compositions sliding on 440-C stainless 
steel. Load, 1000 grams; ambient pressure, lo-' millimeter of mercury; no external specimen 
heating. 
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Figure 8. - Concluded. Ion concentration a t  various s l i d ing  ve loc i t i e s  
f o r  some decomposition products obtained from th ree  polytetraf luoro-  
ethylene compositions s l i d i n g  on 440-C stainless steel. Load, 1000 
grams; ambient pressure, 10-9 millimeter of mercury; no ex terna l  speci-  
men heating. 
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Figure 9. - Coefficient of friction and rider wear fo r  15 percen-t 
glass fiber in polytetrafluoroethylene sliding on various disk 
materials in vacuum m a  Hg). Sliding velocity, 390 feet 
per minute; load, 1000 grams; ambient pressure, 10-9 millimeter 
of mercury; duration of run, 1 hour; no external specimen heat- 
ing. 
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Figure 10. - Ion concentration for decomposition products of 15 percent glass f iber  i n  
polytetrafluoroethylene s l iding on various disk materials i n  vacuum (lo-’ mm Hg). 
Sliding velocity, 390 f e e t  per minute; load, 1000 grams; duration of r u n ,  l h o u r ;  no 
external specimen heating. 
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Figure ll. - Coefficient of friction and rider wear for poly- 
tetrafluoroethylene compositions sliding on 440-C stainless 
steel in vacuum mm Hg). Sliding velocity, 390 feet 
per minute; load, 1000 grams; ambient pressure, milli- 
meter of mercury; duration of run, lhour; no external 
specimen heating. 
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Figure 12. - Weight loss of polyimide in vacuum as a function of specimen temperature. Ambient pressure, 
10-7 to 10-8 minimeter of mercury. 
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Figure 13. - Coefficient of f r i c t i o n  and r i d e r  wear f o r  various 
mater ia l  combinations i n  vacuum mm Hg). Sliding veloc- 
i t y ,  390 f e e t  per minute; load, 1000 grams; duration of run, 
1 hour; no ex terna l  specimen heating, 
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(a) Polyimide on 440-C. (b) Polyimide on polyimide. 
Figure 14. - Photomicrographs and surface profile traces for polyimide sliding on 440-C stainless steel and polyimide 
millimeter in vacuum mm Hg). 
of mercury; duration of run, 1 hour; no external specimen heating. 
Sliding velocity, 390 feet per minute; load, 1000 grams; ambient pressure, 
g .6 \ 
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Figure 15. - Coefficient of f r ic t ion  as a function of time for  polyimide s l iding on polyimide and on 
440-C stainless  s t e e l  i n  vacuum (lo-' mm Xg). 
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